Nickel oxide (NiO) thin film with a high surface area is an important material in electrochemical applications.
Introduction
Nickel oxide and nickel hydroxide have been investigated for a long time as electrode materials and used in various applications such as batteries, water oxidation electro-catalysis, sensors, supercapacitors, solar cells, and electrochromism. [1] [2] [3] [4] [5] [6] [7] The active phase on the nickel oxide surface is the oxidation product, nickel oxyhydroxide (b/g-NiOOH), that is reduced to nickel hydroxide (a/b-Ni(OH) 2 ) in a reverse process. Therefore, the active species on the surface are b/g-NiOOH and a/b-Ni(OH) 2 . Since the active layer in the reduced form is Ni(OH) 2 in the electrochemical process, both a and b phases of Ni(OH) 2 have also been synthesized and used as anode electrode materials in electrocatalysis, sensors, solar cells, electrochromic devices etc.. [1] [2] [3] [4] [5] [6] [7] It is also known that a-Ni(OH) is converted to b-Ni(OH) 2 in a basic electrolyte solution during the electrochemical process. 4 Therefore, the initially formed crystalline NiO becomes NiO-NiOOH and NiO-Ni(OH) 2 with a NiO crystalline core and an amorphous NiOOH or Ni(OH) 2 shell, respectively, during electrochemical redox cycling. 4 Many synthesis methods have been developed for the fabrication of nickel oxide in the form of lms and powders. [8] [9] [10] [11] [12] Common synthesis methods include sol-gel dip coating, electrochemical deposition, and surfactant templating. [8] [9] [10] [11] [12] However, there is still an ongoing need for cost effective and high-quality thin lm fabrication methods. Mesoporous powders and thin lms of nickel oxide have also been the subject of many investigations. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] These synthesis methods involve mainly hard templating, using mesoporous silica KIT-6; 13 so templating methods have been developed, mainly using metal (Si, Ti, Zr, Nb etc.) alkoxides that hydrolyze/polymerize and assemble into mesostructured solids. [23] [24] [25] However, late transition metals are usually found as nitrate, chloride, or sulfate salts. Most of these salts do not undergo hydrolysis/polymerization reactions under acidic and neutral conditions, but they undergo extremely fast hydrolysis/condensation reactions under basic conditions, where the assembly kinetics cannot compete to form mesostructured metal oxides or metal hydroxides. Therefore, mesoporous transition metal oxides have been primarily prepared using hard templating methods. [26] [27] [28] However, it is difficult to retain the lm morphology using hard templating approaches; further steps and other reagents are needed to assemble them into an electrode conguration. Here, we employed the molten-salt assisted self-assembly (MASA) method [29] [30] [31] [32] to fabricate mesoporous nickel oxide (m-NiO) as a thin lm. The MASA process involves a lyotropic liquid crystalline mesophase that is formed by molten salt and two surfactants. [29] [30] [31] [32] The rst step of the MASA process is obtaining a clear solution that can be coated over a substrate with a desired thickness as a lyotropic liquid crystalline gel. Calcination of the thin gel lm produces highly transparent m-NiO lm.
Results and discussion
Preparation of homogeneous clear green solutions of salt ([Ni(OH 2 ) 6 ](NO 3 ) 2 ) and surfactants (cetyltrimethylammonium bromide, CTAB, and 10-lauryl ether, C 12 E 10 ) in 5 mL ethanol is the rst step in the process. The salt concentration has been varied from 1 to 30 salt/C 12 E 10 mole ratio in clear solutions by maintaining all other ingredient concentrations constant (except, above a 12 Ni(II)/C 12 E 10 mole ratio, 10 mL ethanol was used in the solution preparation due to low viscosity of the solutions). The clear solutions are indenitely stable, over months to years, and can be used at any time upon a homogenization process. Coating the homogenized solution over a substrate immediately produces a thin lyotropic liquid crystalline (LLC) lm or spreading it in a Petri dish produces a thick LLC gel phase. Both thin gel lms and bulk gel phases diffract at small angles (1-5 , 2q), indicating the formation of the LLC phase, see Fig. 1 . The diffraction lines, observed in the XRD pattern of the 6Ni(II)/C 12 E 10 sample, at 1.5 (very intense), 3.0 (very weak) and 2.6 (very weak) are indexed to the (100), (200), and (110) planes, respectively, of the 2D hexagonal mesophase. The gels are birefringent up to 8 Ni(II)/C 12 E 10 mole ratios and display a focal conic fan texture between the crossed polarizers under a polarized optical microscope (POM), characteristic of a 2D-hexagonal mesophase, see the inset in Fig. 1(a) . The images of the samples become dark under a POM above a 10 Ni(II)/C 12 E 10 mole ratio, but these samples still diffract at small angles up to a 30 mole ratio, indicating that the mesophase in this composition range is cubic and disordered. However, at a very high salt concentration, the mesophase gradually leaches out some salt as salt crystals. Salt leaching becomes more obvious and the time required to leach out salt becomes shorter with increasing salt concentration in the media.
The mesophases of the fresh lms were denoted as Ni(II)-#, where # is the Ni(II)/C 12 E 10 mole ratio. Fig. 1(a) shows small angle XRD patterns of Ni(II)-2, Ni(II)-4, Ni(II)-6, and Ni(II)-8. The intense line at around 1.5-2.0 , 2q, corresponds to the (100) plane of the 2D hexagonal phase. The corresponding unit cell parameter, a, is 53.9, 61.8, 63.9, and 67.3Å for the Ni(II)-2, Ni(II)-4, Ni(II)-6, and Ni(II)-8 lms, respectively. The (100) line gradually shis to lower angles with increasing salt concentration in the media, where the unit cell expands about 25%, from Ni(II)-2 to Ni(II)-8. This is a reasonable expansion to accommodate the increased amount of molten salt in the hydrophilic domains of the mesophase. Further expansion with increasing molten salt transforms the 2D-hexagonal into a cubic mesophase. However, the cubic phase is not very stable and undergoes phase separation by leaching out the excess salt and transforms into a hexagonal phase. During the transformation, a new line emerges at around 1.7 , 2q, corresponding to the (100) plane of the 2D hexagonal phase, see Fig. 1 (b). The POM image upon aging displays salt crystals with a fan texture underneath, correlating the cubic to hexagonal phase change upon leaching of excess salt.
Aging Ni(II)-# (# is higher than 6) gels leach some salt crystals, but the salt crystallization becomes visible aer several days. With increasing salt content (above 10) in the gel phase, this time decreases from several hours to a few minutes in Ni(II)-30. However, even the Ni(II)-30 lm can be immediately (within 5 minutes) calcined at 300 C to obtain mesoporous nickel oxide (m-NiO).
The calcined lms were labelled m-NiO-#-T, where m stands for mesoporous, # is the Ni(II)/C 12 E 10 mole ratio in the precursor solutions, and T is the calcination temperature in Celsius. The gel lms were calcined at various temperatures, starting as low as 250 C. Below a 8 Ni(II)/C 12 E 10 mole ratio, the lms, calcined at 300 C, are nanocrystalline a-Ni(OH) 2 (see Fig. 2 (a)) but above a 8 mole ratio, the lms are nanocrystalline NiO (see Fig. S1 (a) †) Fig. 3 shows two SEM images of m-NiO-10-300, from drop-cast coated samples. Clearly, even the thick samples (larger than 3 mm) display uniform lm morphology and porosity. Note also that the thickness of the spin coated lm is 300-500 nm with a similar pore morphology. The lm thickness depends on the spin rate and Ni(II) concentration in the initial solutions. To further investigate the structural details of m-NiO, drop-cast coated samples were used for the XRD and N 2 adsorptiondesorption measurements, where large quantities of samples are required. Fig. 4 shows the N 2 adsorption-desorption isotherms and pore size distribution plots of the same samples, used in the XRD analysis. The N 2 adsorption-desorption branches are type-IV, characteristic of mesoporous materials. Note also that the surfactant peaks (around 1100 and 2800 cm À1 , due to C-O and C-C and C-H stretching regions, respectively) completely disappear in the FTIR spectrum at around 300 C (see Fig. S2 (a) †), indicating that the surfactant molecules are completely burned off and the pores are fully open above 300 C. Even though surfactant molecules fully burn off above 400 C for mesoporous materials, it is likely that m-NiO catalyzes the oxidation of the surfactant and lowers its decomposition temperature to below 300 C. The pore size is as small as 3.4 nm and gradually increases up to 16.9 nm (obtained by the Barrett-Joyner-Halenda (BJH) method using the desorption branches) in the m-NiO-10-300 and m-NiO-10-500 samples, respectively, see Fig. 4 (b). The trends of the pore size and the growth of the NiO pore-walls (obtained from XRD results) correlate with each other. The Brunauer-Emmett-Teller (BET) surface area of the samples also follows the same trend and decreases from 223 to 21 m 2 g À1 with increasing calcination temperature from 300 to 500 C. Other details of the N 2 adsorption-desorption data are tabulated in Table 1 .
The small angle XRD patterns of the calcined m-NiO-10 (recorded upon calcination at 300 C and annealing at 350 and 400 C, see Fig. S2 (b) †) well correlate with the pore size distribution plots. m-NiO-300 diffracts broadly at around 1.4 , 2q, and it gradually shis to lower angles, 1.2 , 2q, at 350 C and 1.0 , 2q, at 400 C. If we take the pore size (3.4 nm) and particle size (3.0 nm) of NiO into account, the broad diffraction lines and the corresponding d-spacing (>6.5 nm) well correlate with the sum of the pore size and particle size which corresponds to the pore to pore distance in disordered mesoporous NiO. Even though the pore size of m-NiO at 300 C is quite narrow, the diffraction line is very broad because the mesophase becomes Table 1 N 2 -(77 K) adsorption-desorption data of m-NiO-#-T samples (Ni/C 12 E 10 mole ratio and T is calcination/annealing temperature in Celsius). A (BET surface area (m 2 g À1 )), B (BJH pore volume (cm 3 g À1 )), C (BJH pore size (nm)) highly disordered or liquid like at temperatures (around 150 C) at which the mesostructured Ni(OH) 2 starts forming. The BET surface area of the samples, calcined at 300 C, gradually increases from 45 to 237 m 2 g À1 by increasing the salt/ C 12 E 10 ratio from 2 to 12. The increase is 3 times by only changing salt/C 12 E 10 mole ratio from 2 to 3, but at higher salt amounts the increase slows and starts decreasing above a 12 Ni(II)/C 12 E 10 mole ratio. The lm quality of m-NiO-# (where # is above 12) also becomes low and more fragile. However, the pore size remains constant at around 4 nm in all compositions, indicating that the pores are formed by micelle surfactant domains in the mesophase. The pores expand by 2 and 4 times by heat treatments at 400 and 500 C, respectively, see Table 1 . The trends show the role of the mesophase, where the surfactants domains do not alter much with increasing salt content, but the surface area is dependent on the salt content in the hydrophilic domains of the mesophase, where hydrolysis and condensation reactions take place to form m-NiO. We further investigated the electrochemical properties of the samples using m-NiO-10, which is relatively more stable in the LLC phase with a high salt/surfactant ratio. Fig. 5 shows a set of SEM and TEM images of NiO-10 calcined at 400, 450, and 500 C. The SEM images show uniform lms with a uniform pore system. The TEM images display pore walls made up of nanocrystalline particles, which grow with increasing calcination temperature, consistent with both the XRD and N 2 -adsorption-desorption results.
Electrochemical characterization of the lms prepared over FTO coated glass was carried out via cyclic voltammetry (CV) in an alkaline solution (pH ¼ 13.6). The CVs display a dominant redox couple at around 0.5 V, relatively smaller peaks at more negative values and catalytic water oxidation processes at more positive potentials. The peak currents of both oxidation and reduction are sensitive to the annealing temperature of the electrodes (see Fig. 6 (a)); they decrease with increasing annealing temperature, consistent with the reduction of the electrode surface area. Notice also that there is a gradual shi of the oxidation peak to more positive potentials and increase in the peak current in the CV proles upon repeating an oxidation-reduction cycle, see the inset in Fig. 6(a) . Clearly, the catalytic activity of the electrode increases over the cycles. Therefore, the oxidation peaks from 0 to 0.5 V could be assigned to Ni 2+ to Ni 3+ surface sites. We also prepared Ni(OH) 2 and recorded its CV which displays a broad oxidation feature above 0.5 V due to the Ni(OH) 2 /NiOOH couple and does not change upon cycling (see Fig. S3 †), consistent with the above assignment.
A large shi in the oxidation and reduction peak position indicates a chemical change during oxidation and reduction processes. The reduced species in the reverse cycle is no longer NiO species when the CV cycles are carried out between À0.2 and 1.2 V. This is also observed when we perform a chronopotentiometry (CP) experiment, see Fig. 6 (c). The electrode (m-NiO-10-300) displays a current density of 1 mA cm À2 at an overpotential of 291 mV, which decreases to 259 mV over 1 h of use, consistent with the observations in CV curves. We performed the same experiments at higher current densities from 10 to 80 mA cm À2 with 10 mA cm À2 increments to investigate the origin of the change. We found that the overpotential remains almost constant at higher currents with a very small increase at a constant current in the CP curves. Therefore, the likely change in the overpotential at 1 mA cm À2 is completely due to chemical changes at the electrode surface during the oxidation process. Notice also that the overpotential increases linearly as a function of current with a slope of 15 ohms, indicating that the added potential is purely ohmic and originates mainly from the FTO substrate (see Fig. 6(c) ). 33 The overpotentials are around 0.263 and 0.330 V at 1 and 10 mA cm À2 , respectively, and 0.406 V at a higher current density of 80 mA cm À2 , aer IR compensation.
The slope of the peak current intensity versus scan rate plot provides information on the surface coverage of active sites. 32 The surface coverage of the electrode (m-NiO-10), calcined at 350 C decreases from 219 to 110 nm cm À2 upon annealing at 450 C. This is also consistent with the reduced surface area by high temperature treatment. Notice that the surface area also decreases from 164 to 28 m 2 g À1 and the crystallite size increases from 4.4 to 15.1 nm by annealing the electrode from 350 to 450 C, respectively. However, the electrode annealed at 450 C displays an overpotential of 0.266 V that decreases to 0.200 V at a current density of 1 mA cm À2 aer a 5 h chronopotentiometry (CP) experiment, while the one annealed at 350 C displays a slightly higher overpotential (from 0.284 to 0.271 V in 5 h). These two electrodes were also used to determine the overpotentials required for higher current densities (from 10 to 60 mA cm À2 with 10 mA cm À2 increments) by CP measurements. The slope, from the overpotential versus current density plot, corresponds to the resistance of the electrodes (consist of FTO and m-NiO), which is 26.6 and 16.5 U including the FTO substrate (obtained from impedance measurements), annealed at 350 and 450 C, respectively. Even though the electrode annealed at 350 C exhibits a relatively higher surface area and performs better at low current densities, the electrode annealed at 450 C performs much better at elevated current densities as a water oxidation electrocatalyst. The potential loss is purely ohmic in the electrode with a high surface area, due to high electrode resistance. The Tafel slope (62 mV dec À1 ) of the electrode (m-NiO-10-450) is comparable to that of cobalt and nickel-based water oxidation electrocatalysts in the literature. [32] [33] [34] [35] [36] [37] The overpotentials, extracted from the Tafel equation, are 288 and 350 mV at current densities of 1 and 10 mA cm À2 , which are quite consistent with the experimental values once the IR drop is subtracted from the experimental data.
The post-catalytic m-NiO-10-400 aer the 1 h electrolysis experiment was further analyzed using the XRD technique. Fig. 6(d) shows two patterns of the same electrode before and aer water oxidation. Clearly, the diffraction lines due to cubic NiO did not alter upon oxidation. Even though the peak current increases in the CV upon the use of the electrode for the water oxidation process, there is no change in the full width at half maximum of the line at 43.3 , 2q, corresponding to the (200) plane of NiO. The trend in the CVs upon repeated cycling and XRD patterns clearly show that the top few layers of NiO are converted to Ni(OH) 2 , where the transformation proceeds up to a certain extent (notice the gradual increase of the oxidation and reduction peak current in multiple CV cycles, see Fig. S4 †) without reducing the NiO crystallite size in the pore walls within the XRD detection limits. Scheme 2 summarizes the transformation on the electrode surface during the electrochemical process.
It has been already established that the oxidation product of nickel oxide is NiOOH, which is reduced to a-Ni(OH) 2 followed by transformation to b-Ni(OH) 2 under basic conditions. 38 We also demonstrated the presence of such a transformation by comparing the XRD patterns of a freshly prepared a-Ni(OH) 2 phase and the one aer aging under basic conditions. Clearly the diffraction lines of a-Ni(OH) 2 disappear and those of the b-Ni(OH) 2 phase appear, see Fig. S5 . † There is also a debate regarding the activity of both a-Ni(OH) 2 and b-Ni(OH) 2 phases and the oxidation products, b-NiOOH and g-NiOOH. 4 It is likely that the surface of m-NiO is covered with both b-NiOOH and g-NiOOH, which form during the water oxidation process, and a-Ni(OH) 2 and b-Ni(OH) 2 during the reverse scan. 39, 40 This may clarify the changes in the CV curves over multiple cycles (see Fig. S4 †) . Since the active layer is a form of Ni(OH) 2 , which is not observed in the XRD pattern, the absence of any decrease or broadening in the NiO diffraction lines (within detection limits of XRD) indicates that only one or two top layers of the NiO surface (these layers are likely amorphous with a composition of NiO 1Àx (OH) 2x ) participate in the transformation process that takes place during CV measurements and the darkening and bleaching process in the electrochromic tests (see later).
To further characterize and investigate the electrochemical characteristics of the electrodes, the CVs of the fresh, used, and used and calcined electrodes were recorded, see Fig. 6 (b). The freshly prepared lm displays oxidation peaks at 0.027 and 0.515 V (vs. Ag/AgCl) due to NiO and Ni(OH) 2 surface species. As discussed above, the reduction of NiOOH yields Ni(OH) 2 rather than NiO; thus, the NiO oxidation peak does not recover during the reduction cycle and further CV cycles. However, if the used electrode is recalcined at 400 C, surface NiO is recovered and its oxidation peak reappears with a higher peak current density, indicating reformation/recrystallization of NiO on the surface, see Fig. 6 (b). Note also that the increase in the peak current ratio of NiO/Ni(OH) 2 compared to the fresh sample aer recrystallization indicated that this process produces more surface NiO species at the expense of Ni(OH) 2 , see Fig. 6(b) . This transformation may alter the electrode surface morphology. This is only possible if the Ni(OH) 2 shell is converted into smaller NiO nanocrystals over the core NiO pore walls with a higher surface area. This may also effectively explain the enhancement of the oxidation peak and activity of the electrode towards water oxidation during use. However, the proof of this proposal needs detailed in situ high resolution TEM imaging.
There is also a debate in the literature regarding the color of NiO; the origin of the black color is assigned to Ni 3+ species 41 or the presence of metallic nickel 42 in the samples. The color of the as-synthesized lms also varies from clear transparent to black transparent upon calcination, but the black samples become clear upon washing using a strong reducing agent, NaBH 4 solution. However, aer NaBH 4 treatment, washing the clear lms several times with distilled water reestablishes the darker color back on the lms. NaBH 4 dipping and washing were monitored using UV-vis spectroscopy, see Fig. S6 . † The black colored sample displays broad absorption in the visible region and the color disappears upon reducing Ni 3+ species and partially re-appears upon washing with distilled water and drying, showing re-oxidation of the surface, see Fig. S5 . † Both observations (disappearing and appearing of the black color on the lms) overrule the presence of metallic nickel in the samples, and our data show that the origin of the black color in the as-synthesized m-NiO lms is the Ni 3+ surface species, likely in the form of b/g-NiOOH. Since the surface area of m-NiO is large enough, the Ni 3+ species are visible to the naked eye (as a dark color).
The Ni 2+ /Ni 3+ species were further characterized using XPS spectroscopy. Fig. S7 † shows the XPS of m-NiO-10 before and aer electrocatalytic use of the lms. Clearly, before use, the Ni 2p peaks of NiO dominate the Ni 2p region. The peaks at 854.0 and 856.0 eV are assigned to the 2 P 3/2 spin-orbit state of different NiO surface species. The spectrum changes with electrochemical oxidation and new peaks appear at 854.0 and 855.7 eV. 43 The low energy peak loses its intensity while a new peak at 855.7 eV appears with a higher intensity. It is likely that the new peak is due to NiOOH and Ni(OH) 2 species on the electrode surface. Moreover, the NiO peak does not completely disappear from the spectrum, see Fig. S7 . † This is consistent with our proposal that a very thin skin on the surface is converted to Ni(OH) 2 during electrochemical cycling. Since XPS is a surface sensitive technique and mostly measures 3-4 nm of the top surface layer of the electrode, the spectrum is dominated by the surface species that are not detected by XRD.
The Ni K-edge XANES data were also collected using m-NiO-10 (calcined at 300, 400, and 600 C), Ni(OH) 2 , and m-NiO-10-400 aer 200 CV cycles in 1.0 M KOH solution, see Fig. S8 † for further electronic evidence to support our proposal. Clearly, there is a visible difference between m-NiO-300 and m-NiO-400, where the crystallite size is 3.0 and around 10 nm, respectively. The difference can be explained by the size effect. The XANES spectrum of Ni(OH) 2 is also shown in Fig. S8 † for comparison purpose. Note also that the spectrum of m-NiO does not change upon annealing above 400 C. Furthermore, XANES is an absorption and bulk technique compared to XPS and provides information on the electronic structure of the entire pore-walls. As shown in the spectra, aer 200 CV cycles, the Ni K-edge XANES spectrum displays a little or almost no spectral change and it is consistent with our XRD data, showing that there is a very thin shell of the active layer (likely Ni(OH) 2 that is converted from NiO during CV cycles) over the pore-walls (see Scheme 2), but that the core of the pore-walls remains crystalline NiO in the m-NiO lm during the oxidation process.
To further prove our proposal, the following experiments were conducted. First, we zoomed into the region of the CVs which are negative for the signal that is assigned to the Ni(OH) 2 / NiOOH couple. Avoiding these positive potentials, the CVs of the electrodes (m-NiO-10, calcined at 300, 400, and 500 C) are stable upon cycling and show a multitude of redox couples as shown in Fig. 7(a) . The relative ratios of the charge under the oxidation peaks around 0.0 and 0.3 V vary with the calcination/ annealing temperature, yet for a given sample, stay constant upon cycling, see Fig. 7(b) .
These two electrochemical signals were investigated in two separate experiments. First, the pH dependence of the electrochemical potentials was investigated in buffer solutions by measuring the CVs at various pH levels, see Fig. S9 . † The pH dependence of the electrochemical potentials is shown in Fig. 7(c) . The slopes of both curves are roughly 70 mV pH À1 , which is an indication that both processes are close to one electron one proton reactions and they are similar in their pH dependencies. Furthermore, Fig. 7(d) shows a set of plots collected from electrochromic switching experiments performed at different potential windows. All peaks show a change in the color intensity upon oxidation (dark) or a reduction (clear). This is another indication that the processes observed are connected to transitions between a Ni 2+ and Ni 3+ species. The change in the absorbance at 500 nm is a function of the charge under the corresponding peak and as mentioned before, it is also a function of the annealing temperature. Notice that the highest contrast is obtained from the electrodes annealed at 300 C and lowest for the electrodes annealed at 500 C, see Fig. S10 . † The surface area and surface Ni 2+ concentration could be the determining factors in the electrochromic behaviors of the electrodes.
The peaks, 1 (around 0 V) and 2 (around 0.3 V), are reversible if the sweep is carried from À0.5 and 0.5 V (vs. NHE) and become irreversible upon sweeping CV between À0.5 and 1.2 V (vs. NHE), indicating that the surface species switches from Ni 2+ to Ni 3+ unless the potential required for water oxidation is applied. Exceeding 1.0 V in CV cycles and CP experiments produces Ni 4+ species on the electrode surface which are the electroactive sites for electrocatalysis of water oxidation. The Ni 4+ species transforms into Ni(OH) 2 in the reverse process and therefore transforms the NiO surface into a Ni(OH) 2 surface. The only evidence for the formation of Ni 4+ is found in the slow scan (1 mV s À1 ) CV prole that displays a well resolved peak at around 0.52 V (vs. NHE), see Fig. S11 . † Currently, the chemical composition of the Ni 4+ species is unknown. Further characterization of the Ni 4+ species may require in situ analysis during CP experiments by using surface sensitive techniques.
Experimental

Synthesis
All the ingredients, nickel nitrate hexahydrate ([Ni(H 2 O) 6 ](-NO 3 ) 2 ), cetyltrimethylammonium bromide (CTAB), and 10 lauryl ether (C 12 E 10 , C 12 H 25 (OCH 2 CH 2 ) 10 OH), were purchased from Sigma-Aldrich and used without further purication. The solutions were prepared by keeping the surfactant concentrations constant and varying the salt amount as 1CTAB : 1C 12 -E 10 : x[Ni(OH 2 ) 6 ](NO 3 ) 2 (x was varied from 2 to 30). In a typical synthesis, 291 mg CTAB, 500 mg C 12 E 10 , 5 mL ethanol and the corresponding amount of Ni(II) salt (see Table S1 †) were used to prepare clear solutions. The amount of ethanol was 5 mL for up to 12 Ni(II)/C 12 E 10 mole ratio and 10 mL between 15 and 30 Ni(II)/C 12 E 10 mole ratios.
First Ni(II) salt and charged surfactant were added to a vial with 5 mL ethanol and the mixture was stirred for 15 min on a magnetic stirrer to obtain a clear solution. Then, the non-ionic surfactant (C 12 E 10 ) was added to the clear solution and stirred for another 30 min. The clear solution was spread over on a glass slide via spin-or drop-casting coating methods to obtain fresh thin and thick lms, respectively, of the mesophases. Spin coating (at 2000 rpm) ensures the immediate evaporation of ethanol and gelation, but in the drop-cast coated sample, the gelation takes 10-30 minutes, depending on the thickness of the drops. Finally the coated samples were calcined at various temperatures (250, 300, 350, 400, 450, and 500 C) for 1 h to produce mesoporous nickel oxide lms or monoliths. The schematic representation of the procedure is given in Fig. S12 . † Characterization X-ray diffraction (XRD) patterns were collected using a Rigaku Miniex diffractometer, equipped with a Cu Ka (l ¼ 1.54056Å) X-ray source, operating at 30 kV/15 mA and a Scintillator NaI (T1) detector with a Be window and a Pananalytical X'Pertpro Multipurpose X-ray diffractometer equipped with a Cu Ka (l ¼ 1.5405Å) X-ray source, operating at 45 kV/40 mA using drop cast coated and calcined samples for wide angle regions and spin coated fresh samples for small angle measurements. Polarized optical microscopy (POM) images of the gel phases were recorded using a ZEISS Axio Scope A1 polarizing optical microscope. N 2 adsorption-desorption isotherms were collected using a Micromeritics Tristar 3000 automated gas adsorption analyzer in the range of 0.01 to 0.99 P/P o . The samples were dehydrated under a vacuum of 35-40 mTorr at 200 C for 2 h prior to measurements. Scanning electron microscopy (SEM) images were recorded using a FEI Quanta 200 F scanning electron microscope on aluminum sample holders. the corresponding charge under each peak (P1 is peak 1 and P2 is peak 2); (e) pH dependent peak potential in mV of m-NiO-10-300 at P1 and P2 at pH values of (I) 7, (II) 8.25, (III) 9.12, (IV) 10.2, (V) 11.43, (VI) 12.08, and (VII) 12.85 and (f) electrochromic behavior of m-NiO-10-300, absorbance vs. normalized time plot of voltage intervals of (I) À500 to 500 mV, (II) À500 to 400 mV, (III) À500 to 345 mV, (IV) À500 to 150 mV, and (V) 150 to 500 mV.
Transmission electron microscopy (TEM) images were recorded on a FEI Technai G2 F30 at an operating voltage of 200 kV. The samples (spin coated at 5000 rpm and calcined at various temperatures for 1 h) were scraped from the glass slide, ground in a mortar, and dispersed in 5 mL ethanol for 10 min using a sonicator. Then, a few drops of the above mixture were placed on a TEM grid and dried for 15 min under a powerful light source. The UV-vis absorption spectra were recorded using a Varian Carry 300 UV-vis double beam spectrophotometer with a 600 nm min À1 scan rate and 1 nm data interval over a wavelength range of 200 to 800 nm using thin lms coated over quartz slides. XPS spectra were collected using a Thermo Scientic K-alpha X-ray photoelectron spectrometer operating with Al Ka micro-focused monochromatic source (1486.6 eV and 400 mm spot size) along with a ood gun for charge neutralization. The scraped powder samples from FTO electrodes (before and aer 1000 cyclic voltammetry (CV) cycles in a potential range of À0.4 V to 1.2 V with a scan rate of 200 mV s À1 ) were put on a copper tape for XPS analysis. X-ray absorption near edge spectra (XANES) were collected on a SESAME EXAFS beamline (Allan, Jordan) by packing a calculated amount of the pressed sample and sandwiching on a sticky type. The XANES data were collected using samples calcined at 300, 400, and 600 C and a sample calcined at 400 C exposed to 100 CV cycles between À1 and 2 V against a Ag/AgCl (3.5 M KCl) reference electrode with a scan speed of 100 mV s À1 . Electrochemical studies were carried out in a 1.0 M KOH solution using m-NiO coated FTO as the working electrode, a Pt wire as the counter electrode and a Ag/AgCl electrode as the reference electrode. Unless otherwise stated, CVs were recorded with a scan rate of 50 mV s À1 between 0.0 and 1.5 V (vs. Ag/AgCl). Spectroelectrochemical measurements were conducted in a standard quartz cuvette. A ber optic Gamry Instruments SPECTRO-115E spectrometer tted with a Gamry Instruments tungsten/deuterium source was used to collect the UV-vis spectra. The spectra were recorded in the wavelength range of 350 nm to 1050 nm with an integration time of 5 ms and 100 spectra were averaged for each data point shown in the gures. Using Gamry Framework 7.0.4 soware and the accompanying "SpectroCyclic Voltammetry" script, it was possible to synchronize the electrochemical experiment with the acquisition of UV-vis spectra. For electrochemical experiments a Gamry Instruments 5000 potentiostat was used. The three-electrode setup consisted of the coated FTO electrodes as the working electrode, an Ag/ AgCl electrode as the reference electrode and a Pt wire as the counter electrode. Before each run, to normalize the composition of the sample surface, a reducing potential of À0.5 V (vs. V ref ) was applied for 5 minutes and subsequently the potential sweep was applied with a sweep rate of 20 mV s À1 for at least 3 cycles. The reported CVs for each case represents a steady state response (i.e. no appreciable change occurs between cycles). pH dependent electrochemical studies were carried out in buffered solution in a pH range of 7 to 13. A pH 7 standard regularly used for calibration of pH meters was used as the pH 7 buffer. A pH 8 buffer was prepared by mixing 100 mL 0.025 M Na 2 B 2 O 4 $10H 2 O with 41 mL 0.1 M HCl and subsequent dilution to 200 mL with deionized water. A pH 9 buffer was similarly prepared by mixing 100 mL 0.025 M Na 2 B 2 O 4 $10H 2 O with 9.2 mL 0.1 M HCl and diluting to 200 mL. The common pH 10 standard buffer usually contains EDTA which can interfere with electrochemical measurements; therefore, a pH 10 buffer was prepared by dissolving 4.77 g Na 2 B 2 O 4 $10H 2 O in 183 mL of 0.1 M NaOH and diluting to 1 L with de-ionized water. A pH 11 buffer was prepared by mixing 100 mL 0.05 M Na 2 HPO 4 with 8.2 mL 0.1 M NaOH and diluting to 200 mL total volume with de-ionized water. A pH 12 solution was prepared by mixing 50 mL of 0.2 M KCl with 12 mL 0.2 M NaOH and diluting to 200 mL. Finally, a pH 13 solution was prepared by mixing 50 mL 0.2 M KCl with 132 mL 0.2 M NaOH and again diluting to 200 mL total volume. The exact value of the pH for all the prepared buffers was measured using a pH probe that is 3 point calibrated using standard solutions and these measured values were reported. Using these solutions as the electrolyte, cyclic voltammograms were recorded at 20 mV s À1 with a Gamry Instruments Interface 5000 potentiostat in a three-electrode setup with the coated FTO samples as the working electrode, an Ag/AgCl electrode as the reference electrode and a Pt wire as the counter electrode.
Conclusions
Nickel nitrate hexahydrate and surfactants (CTAB and C 12 E 10 ) form a liquid crystalline mesophase over a broad range of salt concentrations (2-30 Ni(II)/C 12 E 10 mole ratio). The mesophases are stable at low salt concentration (2-6 mole ratio) but leaches salt as salt crystals at high salt concentrations. Leaching is a kinetic process and takes several days at low salt (6-12 mole ratio) concentrations and several minutes at very high salt (such as 30 mole ratio) concentrations. However, all compositions can be calcined immediately aer gelation to produce mesoporous nickel oxide. High quality lms can be obtained by using intermediate compositions (6-12 mole ratio), but relatively lower quality lms (very fragile) can also be obtained by using higher Ni(II)/surfactant ratios. Mesoporous NiO lms have a relatively high surface area, as high as 257 m 2 g À1 (at 300 C) but it gradually decreases to 21 m 2 g À1 at around 500 C. While the crystalline NiO pore-walls grow (from 3 to 27 nm), the pores expand (from 3.6 to 16.9 nm) upon annealing the lms at elevated temperatures. The method introduced in this work allows one to control the surface area, pore size, crystalline pore wall size and thickness of the lms which may be desired for various applications. The method can also be expanded to produce thin lms of other transition metal and mixed metal oxides.
Thin m-NiO lms display a good electrocatalytic performance for water oxidation and electrochromic behavior under basic conditions. Both water oxidation and electrochromic processes have the same origin in that in the rst CV cycle and the consecutive cycles or during the water oxidation process, the top few layers of NiO are converted into Ni(OH) 2 creating a surface skin/shell over the nanocrystalline NiO pore-walls (see Scheme 2) . Upon further oxidation/reduction cycles during CV or water oxidation processes, switching the color of the electrode in the electrochromic process takes place between Ni(OH) 2 and NiOOH species. During the use of the electrode, it is likely that the surface morphology changes by further conversion of the NiO core into the Ni(OH) 2 shell; the Ni(OH) 2 shell slowly grows over use and creates more active surface/ surface species.
A low electrode resistance that can be achieved by increasing the annealing temperatures is more important than electrode surface area at high current densities for the electrocatalysis of water oxidation. The likely active species for efficient electrocatalysis is the Ni 4+ species formed over the electrode surface. However, electrochromic switching occurs between Ni 3+ (dark) and Ni 2+ (clear) species, where the surface area is more critical unless fast switching is required. Overall, the MASA process is an effective way of synthesizing mesoporous nickel oxide thin lm electrodes for various electrochemical applications.
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